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ABSTRACT 
An experimental investigation was performed to determine to what degree conditioned water sprays can be used to 
cool and dehumidify air. Experiments were carried out over a range of conditions to understand the effect of droplet 
size, water temperature, air velocity, temperature, and relative humidity. It was determined that droplet size and 
relative humidity had the greatest impact on heat and mass transfer. Further, spray rebound and collection were 
found to be the primary challenge in controlling cooling and dehumidification. 
1. INTRODUCTION 
When working to increase the efficiency of a vapor compression based air conditioner, perhaps the largest gains can 
be made by reducing the air-side thermal resistance on the direct expansion coil.  Typically, this thermal resistance 
reduction is achieved by increasing the surface area of the coil and the level of turbulence in the flow through the 
coil; both being achieved with the addition of fins, louvers, projections, etc.  At some point, however, a balance is 
reached where the energy required to overcome the increased pressure drop through the coil is balance by the energy 
saved, in this case, in the vapor compression process.  Further, the added material and construction costs can also 
begin to impact the overall life cycle cost of the system.  Therefore, some interest has been expressed in developing 
an alternative to the direct expansion coil: a direct contact heat exchanger (DCHX) (Roth et al., 2002) (Hensley, 
2007).   
The vapor compression cycle would operate on the same basic principles with this DCHX system, except that the 
cold refrigerant would chill water via an intermediate heat exchanger (which, being liquid to liquid-vapor, is 
inherently more efficient).  This chilled water is then brought into direct contact with the air in the form of a spray, 
which has a high surface area to volume ratio.  Initial investigations have shown potential 6X first cost savings 
accompanied by and estimated 7.5X decrease in power consumption as well as 4X weight savings (El-Morsi et al., 
2003).   
Of course, implementation of a conditioned water spray for heat exchange is not as simple as it may sound, because 
the efforts here are to develop a system that competes with the direct expansion coil, i.e. it can cool and dehumidify
the air.  Note that this is not a simple evaporative cooler, but a true heat exchanger that, by nature, also has the 
ability to transfer mass.  The basic premise is simple: just as moisture condenses on a glass of ice water, it will 
condense on a water drop if it is colder than the dew point temperature of the air.  The challenge lies with removing 
that drop and the condensed moisture from the air stream before it warms and begins to evaporate.   
When engineering such a system, questions center on issues of spray droplet size, residence time, water temperature, 
air velocity, relative humidity, etc.  These questions have begun to be addressed (Hensley, 2007), and some of the 
key findings are presented here.   
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2. BACKGROUND 
Review of current literature provides evidence of the difficulty inherent in this problem as in every case where 
experiments were performed, the number of experiments were small and/or the findings were inconclusive (El-
Morsi, 2002) (Letan, 1981) (Yoo, Kwon, 2004) (Chen, Trezek, 1977) (Kachhwaha et al., 1997a) (Kachhwaha et al.,
1997b) (Bo, 2001).  It was evident that the experimental apparatus need be as accurate and repeatable as possible, 
and that the widest practical range of independent variables be used. 
3. METHODS & APPROACH 
The key piece of research equipment was a low speed wind tunnel (Fig. 1) which had the added capability of 
conditioning the incoming air’s temperature and humidity.  This allowed for the simulation of various cooling loads 
in the test section, which measured 6 inches by 6 inches (15 cm x 15 cm) and was 24 inches (61 cm) long.  The 
water supplied to the test section was chilled in a separate water loop.   
Figure 1: The low speed, temperature and humidity controlled wind tunnel built to test the prototype direct 
contact heat exchangers.   
The water was administered to the test section through a brass nozzle that produced a flat fan spray pattern.  This 
spray geometry complimented the square test section, which was rotated by 45 degrees, thereby permitting the spray 
to enter in the uppermost corner and then fan into the test section (see Fig. 2) thus maximizing the spray/air 
interface.   
In a separate study (Hensley, 2007), the test section was developed to minimize the amount of droplet rebound and 
subsequent entrainment, which diminished the dehumidification effects.  Opposite the water inlet, a kind of ‘false 
wall,’ being constructed of polycarbonate honeycomb material, was installed permitting the water spray to pass 
through to the collection tray while minimizing the amount of air circulation in the tray.  Problems arose when 
droplets, having passed through the test section, would strike the edges of the honeycomb.  It was for this reason that 
in the final design, a small section of the wall was further removed, thus allowing the bulk of the spray to pass, 
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unobstructed, into the collection tray (Fig. 2).  An inertial style drift eliminator was also designed and implemented 
into the test section in an effort to prevent and droplets that still might be entrained from leaving the test section.   
Figure 2: DCHX test section removed from tunnel.  In the figure, air would enter on the left and the water 
enters in the hole in the apex (by the black mark).  Note the addition of the drift eliminator at the exit of the 
section, and the vertical dividers in the collection tray, which helped minimize the air circulation into the 
tray.  The water drains via ports on the back side of the section (drain hoses can be seen at lower left).   
A test matrix was developed to map the experimental results.  Previous research (Hensley et al., 2004) (Hensley, 
2005) found that emphasis should be placed on the free stream humidity and the drop size (basically regulated by the 
nozzle size).  Thus, three settings were used for both of these variables.  Further, as the surface area plays a pivotal 
role, the mass flow rate of the water was incremented through three settings.  Two water temperature and two air 
temperature settings were used, as well as two airside flow rates.  The values of these settings are listed in Table 1. 
 Table 1: Independent variable values. 
Air Temperature  
(dry bulb)  [ºC (ºF)] 
Water Temperature  
[ºC (ºF)] 
26.7 (80.0) 5.0 (41) 
33.0 (91.4) 10.0 (50) 
Relative Humidity 
 [%] 
Water Flow Rate 
 [kg/min (gpm)] 
32 3.00 (0.8) 
56 4.25 (1.1) 
68 5.50 (1.4) 
    
Air Flow Rate   Nozzle 
Face 
Velocity









1 (3.3) 0.026 8005 475 
3 (9.8) 0.086 8009 690 
  8015 860 
*Mean drop diameter estimated from nozzle manufacturer data.  
The testing procedure was straightforward, but also time consuming.  216 experiments arise from the test matrix, 
and for each test, the wind tunnel would be brought to steady state at the desired temperature and humidity 
conditions before the water spray would be released.  During testing, the incoming and exiting air temperature and 
humidity were recorded along with the incoming water temperature, water flow rate, and air flow rate.  Combined 
together, this data allowed for the calculation of the total and sensible heat transfer, as well as the overall heat 
transfer coefficient, UA.
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4. RESULTS 
Figure 3 shows the total airside heat transfer for the conditions listed in the legend: the incoming air dry-bulb 
temperature, the face velocity, the incoming water temperature, and finally the incoming relative humidity, 
respectively.  The results show that more heat is removed from the air as the water flow rate is increased.  Further, 
total heat transfer increases as relative humidity increases, and the smaller nozzle (producing more, finer drops) 
generally allows for more heat transfer.  However, it is important to compare both the sensible and total heat transfer 
as a function of water flow rate for each nozzle.   
Contrasting these graphs, there is generally more sensible heat transfer for a given flow rate in the lower relative 
humidity cases.  This conclusion is logical for two reasons.  First, humid air has a greater total enthalpy, which must 
be reduced by dehumidification (latent cooling).  Second, there is more evaporative cooling taking place as the 
relative humidity decreases.  Though the topic of evaporative cooling that takes place in the experiments will be 
detailed later, a short introduction follows.     
Figure 3: Total heat transfer (upper graph) and sensible heat transfer (lower graph) as a function of water 
flow rate for the three nozzles used. 
The incoming water temperature in these selected experiments was 10 ºC.  Note that the humidity ratio at 10 ºC 
saturation is approximately 8 g/kg, which is slightly above the humidity ratio of the 32% RH tests.  If no extra 
evaporative cooling were taking place, the 32% RH exit state points would not breach this 8 g/kg limit (i.e. no extra 
moisture would be added).  However, this is clearly not the case.  This addition of extra moisture is an indicator that 
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points do not align to indicate a process that ultimately drives to the 10 ºC, 100% RH limit.  In each of these cases, 
the process’ direction leads toward some higher saturation temperature, again, indicating evaporative cooling and a 
loss of humidity control.  
The psychrometric chart (Fig. 4) provides an alternative view of the results in Fig. 3, helping demonstrate the points 
mentioned. For example, there is only a small amount of total heat transferred in the 32% RH case, and this is seen 
by the fact that the change in enthalpy is quite small relative to the 56% and 68% RH cases.  Likewise, the reverse is 
also true, i.e. greater enthalpy changes in the 68% RH data in Fig. 4 are seen as greater total heat transfers in Fig. 3.
Figure 4: Psychrometric plot showing process lines for the results presented in Fig. 3 with the 8005 series 
nozzle. 
In general, however, the conclusion to be drawn from these results is reasonable: as the humidity increases, moisture 
is more likely to be removed; as humidity decreases, moisture is likely to be added.  It is also concluded that the test 
section design is not performing flawlessly as some undesired moisture addition is taking place.  
A good metric to describe heat exchanger performance is UA (Eq. (1)), or the overall heat transfer coefficient.  This 
metric is utilized because it allows some tie to compare performance to a conventional coil performance.  For this 




qUA ??                                                                              (1) 




















                                                          (2)
The subscripts a and w designate air and water, respectively, while the subscripts i and e designate incoming and 
exiting, respectively, for the fluid temperature T, while qsense is the sensible heat transferred.   
Figure 5 shows how increasing the water flow rate (effectively increasing the spray area by producing more drops) 
increases heat transfer.  A pressure differential drives the water flow, thus increasing the nozzle pressure increases 
the flow rate; however, increasing the nozzle pressure changes the droplet size distribution slightly.  Due to the fact 
that this change is slight (according to the nozzle manufacturer (Spraying, 2002)) and the fact that this change was 
not measured, for the sake of this analysis, this effect is noted, but not considered significant relative to other factors.  
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another point seen in the figures is that decreasing the mean drop size also increases the overall heat transfer.  Again, 
this is attributed to the increase in spray surface area (as the spray volume, or flow rate, is consistent).   
Increasing the relative humidity tends to suppress heat transfer, seen by an associated decreasing of UA.  However, 
as Eq. (1) shows, the heat transfer being suppressed is actually the sensible heat transfer.  Therefore, perhaps a better 
way to note this behavior is to say that the lower relative humidities boosts heat transfer (and UA), aided by the 
evaporative cooling phenomenon.   
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Figure 5: UA values as a function of water flow rate for the 26.7 ºC (nine left plots) and 33.0 ºC (nine right 
plots) data.   
2289, Page 7 
International Refrigeration and Air Conditioning Conference at Purdue, July 14-17, 2008 
Further, inspection of the figures reveals that, in general, the higher face velocities yield a higher experimental UA
value due to a greater associated heat transfer.  It is difficult to discern if this increase arises from an increase in 
convection off the drops, or if there could be more droplet entrainment and evaporative cooling taking place as well.   
The free stream velocity appears to cause anomalies in the UA measure as seen by the experimental data points 
created with the small nozzles running at the 5.50 kg/min flow rates and 3 m/s face velocities.  Note that a nearly 
linear relationship between UA and water flow rate is seen with most of the data strings.  However, in these cases, 
the experimental UA values are typically noticeably greater than what would be linearly extrapolated.  It is 
hypothesized that this higher value results from droplet rebound, which leads to extra, or ‘adjacent,’ cooling.  
Significant pressures are required (O~80-100 psi [550-690 kPa]) to generate the 5.50 kg/min water flow rates with 
the small nozzles.  These pressures translate to greater droplet momentum, which, in turn, translates to greater 
amounts of droplet rebound.  This rebound exacerbates the problem of droplet collection on the test section ceiling 
and entrainment, especially at the higher face velocity where drag forces become more significant.  Entrained drops, 
even if they fall out of the air stream, have a longer residence time than the average drop in the other experiments.  
With this extra time (which is essentially impossible to quantify) comes extra sensible and latent heat transfer.  In 
the case that the droplets do not fall out of the air stream, the drift eliminator will remove them.  The drift eliminator, 
being cooled by the droplets it removes, acts as an extended surface, providing even further cooling and perhaps 
even moisture addition as well assuming the droplets do not drip from the eliminator in a timely enough manner.  
This claim is further justified by the fact that this sharp increase in UA is more pronounced at the lower relative 
humidites where evaporative cooling can play a more significant role. 
5. CONCLUSIONS 
The findings of this research revealed that air could be cooled and dehumidified with water sprays, and operation 
was feasible over a full range of typical HVAC operational conditions; however, the approach for doing so could be 
refined, evident from the addition of more moisture than what was theoretically expected.  The refinement should 
focus on minimizing if not eliminating droplet rebound and subsequent droplet entrainment.  However, it will be 
noted that the addition of moisture via evaporative cooling did, under certain conditions, increase the amount of 
sensible heat transfer.  This could be considered a benefit, provided it occurred in a more controlled manner.  In any 
case, the test section performed in a fundamentally sound manner as the increase in spray area (resulting from 
increasing water flow rate and/or reducing droplet size) resulted in an increase in sensible and latent heat transfer.  
Increasing the face velocity increased heat transfer, but the direct cause of this is not discernable from the data.     
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